Abstract: Weak π hydrogen-bonded solute/solvent complexes are studied with ultrafast two-dimensional infrared (2D-IR) vibrational echo chemical exchange spectroscopy, temperature-dependent IR absorption spectroscopy, and density functional theory calculations. Eight solute/solvent complexes composed of a number of phenol derivatives and various benzene derivatives are investigated. The complexes are formed between the phenol derivative (solute) in a mixed solvent of the benzene derivative and CCl4. The time dependence of the 2D-IR vibrational echo spectra of the phenol hydroxyl stretch is used to directly determine the dissociation and formation rates of the hydrogen-bonded complexes. The dissociation rates of the weak hydrogen bonds are found to be strongly correlated with their formation enthalpies. The correlation can be described with an equation similar to the Arrhenius equation. The results are discussed in terms of transition state theory.
I. Introduction
Hydrogen bonds play important roles in chemistry and biology. [1] [2] [3] [4] [5] Most hydrogen bonds have dissociation enthalpies in the range of 1-10 kcal/mol. This range is much smaller than a typical covalent bond enthalpy. For instance, a carbon-carbon single bond has a dissociation enthalpy of ∼80 kcal/mol. 1 In spite of being relatively weak, hydrogen bonds are strong enough to have a profound influence on the nature of liquids and material, and on the reactivity of hydrogen-bonded molecules. An important example is water, which is a liquid at room temperature rather than a gas because of its hydrogen-bond network. Another important aspect of hydrogen bonds is that they are weak enough that they can continually dissociate and reform at room temperature. Some of the most significant biological processes, such as DNA replication and protein folding, are made possible because of the reversible nature of hydrogen-bond formation. 4 The reversibility of hydrogen bonding brings up two interesting and fundamental questions. (1) How long does a hydrogen bond stay "bonded" at room temperature? (2) Is there any correlation between the hydrogen bond lifetime and its strength? In general, it might be expected that stronger hydrogen bonds would dissociate more slowly. However, direct experimental data addressing these issues for relatively weak hydrogen bonds that can readily dissociate at room temperature are rare because there has been a lack of appropriate measurement techniques.
For some strong hydrogen bonds that have dissociation enthalpies greater than 5 kcal/mol, the hydrogen bond lifetimes are sufficiently long that they can be measured with temperaturejump or ultrasonic methods. 2 Measurements of the lifetimes of relatively weak hydrogen bonds (<5 kcal/mol) at room temperature under thermal equilibrium conditions have recently become possible because of the advent of ultrafast IR techniques. [6] [7] [8] [9] [10] [11] To the best of our knowledge, no systematic study on the relationship between the lifetimes and strength of hydrogen bonds has been reported.
In this paper, we present a study of the lifetimes of hydrogen bonds between a series of phenol derivatives and benzene derivatives using the recently developed method of ultrafast 2D-IR vibrational echo chemical exchange spectroscopy. [9] [10] [11] [12] [13] [14] [15] The experiments described here follow previous work that examined the hydrogen-bond formation and dissociation rates of the phenol/benzene complex in liquid solution of low concentration phenol in the mixed benzene/CCl 4 solvent. 9,10 A phenol molecule forms a weak hydrogen bond, sometimes called "π hydrogen bond," with a benzene molecule. By adding different substituents to either phenol or benzene, the strength of the hydrogen bond can be modified. Using the 2D vibrational echo chemical exchange technique, the dissociation times of a series of hydrogen-bonded complexes are measured. In addition, temperature-dependent FT-IR absorption experiments are used to determine the formation enthalpies of the hydrogen bonds, and DFT calculations provide reasonable estimates of their structures. The results show a systematic correlation between the hydrogen-bond strengths (formation enthalpy) and the hydrogen-bond dissociation times.
II. Experimental Procedures
Details of the experimental method used for these 2D-IR vibrational echo spectroscopy experiments have been described previously 10, 16 and are also included in the Supporting Information for the convenience of the readers. In addition, a diagram of the experimental setup and a schematic representation of how the 2D vibrational echo method is used to measure chemical exchange are provided in the Supporting Information. Very briefly, in a 2D-IR vibrational echo chemical exchange experiment, three ultrashort IR pulses tuned to the frequency range of the vibrational modes of interest are crossed in the sample. Because the pulses are very short, they have broad bandwidths (determined by the uncertainty principle) making it possible to simultaneously excite a number of vibrational bands. The first laser pulse places the vibrational oscillators in coherent superposition states of the ground state (0) and the first excited state (1) and "labels" the initial structures of the species in the sample by setting their initial frequencies along the ω τ axis. The second pulse ends the first time period τ by transforming the coherences into populations (either in the 0 or 1 states) and starts clocking the reaction time period Tw during which the labeled species undergo chemical exchange, that is hydrogenbond formation and dissociation. The chemical exchange will be manifested in the 2D spectrum if it changes the vibrational frequencies of the vibrational modes under study. The third pulse ends the population period of length T w and begins a third period of length eτ, which ends with the emission of the vibrational echo pulse with frequencies along the ω m axis. The vibrational echo pulse is the signal in the experiment. The vibrational echo signal reads out information about the final structures of all labeled species by their ωm frequencies. During the period Tw between pulses 2 and 3, chemical exchange occurs. The exchange causes new off-diagonal peaks to grow in as Tw is increased.
9-12 The growth of off-diagonal peaks in the 2D spectra with increasing Tw is used to extract the dissociation times (lifetimes) of the hydrogen bonds. (Chemical exchange can also occur during the τ periods, but it does not contribute to the growth of the off-diagonal peaks.) In addition to chemical exchange, other population dynamics such as vibrational relaxation to the ground state and orientational relaxation of the entire molecule will influence the 2D spectrum. These processes are included in the data analysis.
The vibrational population relaxation time constants and rotational relaxation time constants for the samples were measured with the polarization selective IR pump-probe experiments. 10,17 The rotational relaxation time constants were measured in the pure solvents. The value measured in CCl4 was used to determine the rotational time of the free (uncomplexed) species, and the value measured in the pure aromatic solvent was used to determine the rotational time of the complex. These values were corrected with the Stokes-Einstein-Debye (SED) equation for the solvent viscosity differences between the pure aromatic solvent or CCl 4 and the mixed solvents used in the chemical exchange experiments. Viscosity measurements were made with Cannon Ubbelohde viscometers at 24°C, the same temperature used for the vibrational echo and pump-probe measurements.
The hydrogen-bond formation enthalpies of the complexes were determined by measuring the temperature dependence of the equilibrium constant by observing the change in the absorption spectrum of the hydroxyl stretching mode. The ratio of the areas of the peaks for the complex species and the free species, corrected for the differences in extinction coefficients, was used to determine the equilibrium constant at each temperature. The temperature range was 25 to 65°C. A more detailed description of the measurements and experimental data are given in the Supporting Information.
The hydroxyl groups of all phenol derivatives were deuterated to move the hydroxyl stretching mode frequency to ∼2600 cm -1
. The chemicals used to form the hydrogen-bonded complexes are phenol-OD (PH), p-methoxyphenol-OD (pMPH), p-bromophenol-OD (pBrPH), o-methoxyphenol-OD (oMPH), benzene (BZ), toluene (TL), bromobenzene (BrBZ), p-xylene (pX), and mesitylene (MS). The solutions used in the vibrational echo measurements are 0.6 wt % PH in the BZ/CCl 4 mix solvent (1:5 wt), 0.6 wt % PH in TL/CCl4 (1:6 wt), 0.6 wt % PH in pX/CCl4 (1:7 wt), 0.6 wt % PH in MS/CCl4 (1:7 wt), 0.6 wt % pBrPH in BZ/CCl4 (1:5 wt), 0.5 wt % pMPH in BZ/CCl4 (1:5 wt), and 3 wt % oMPH in TL. The ratio of the aromatic component of the solvent to the CCl4 component was chosen to make free and complexed species approximately equal in amplitude in the FTIR spectrum of each mixture.
The function of the substituents on the phenol and benzene rings is to adjust the hydrogen-bond strength (enthalpy of formation). Benzene and its derivatives are the hydrogen-bond acceptors. In general, adding an electron-withdrawing group such as bromine to benzene weakens the hydrogen bond by reducing the electron density of the benzene ring. Adding electron-donating groups such as methyl groups to benzene makes the hydrogen bond stronger. Adding an electron-withdrawing group to phenol also makes the hydrogen bond stronger because the hydroxyl, which is the hydrogen bond donor, becomes more positive. The effect of a methoxy group on the phenol ring is position dependent. When it is ortho to the hydroxyl, the hydroxyl group forms an intramolecular hydrogen bond with the methoxy group. The intramolecular hydrogen bond results in an intermolecular π hydrogen bond between the hydroxyl group and aromatic solvent molecule that is very weak. 10 When the methoxy group is in the para position, it has very little effect on the strength of the intermolecular hydrogen bond.
The structures of the hydrogen-bonded complexes were determined with density functional theory (DFT) calculations. 18 The DFT calculations were carried out as implemented in the Gaussian 98 program suite. The level and basis set used were Becke's three-parameter hybrid functional combined with the Lee-Yang-Parr correction functional, abbreviated as B3LYP, and 6-31+G(d,p). All results reported here do not include the surrounding solvent and therefore are for the isolated molecular complexes.
III. Results and Discussions
The DFT calculations show that all of the phenol derivatives form π hydrogen bonds with the aromatic molecules in the mixed solvents and that all of the complexes have a similar T-shaped structure. The structure is shown in Figure 1 for the phenol/toluene complex. Structures for other complexes are provided in the Supporting Information. For the phenol/benzene complex, recent high-level electronic structure calculations on the isolated complex and full molecular dynamic simulations of PH in the BZ/CCl 4 solvent confirm the T-shape structure. 19 In addition, the simulations show that the complexes are formed one to one between PH and BZ. The hydroxyl group does not point at the center of the benzene ring but rather at a ring edge for all the systems studied. The structures of the complexes in solution can be different from those predicted by the electronic structure calculations for isolated molecules. However, the consistency between the electronic structure calculations and the simulations for the PH/BZ system suggests that the electronic structure calculations for the other complexes provide a reasonable description of their structures. Experimental evidence for the formation of π hydrogen bonds is the shift of the OD stretch frequency of the phenol derivatives to lower frequencies in aromatic solvents compared to the corresponding frequencies of the phenols in CCl 4 . Figure 2 displays FT-IR spectra for PH dissolved in pure CCl 4 (short dash), pure TL (long dash), and the mixed TL/CCl 4 solvent (solid curve).
When phenol is dissolved in CCl 4 , there is no hydrogen bond formed. The OD stretch frequency is at 2666 cm -1 . When it is dissolved in toluene, a hydrogen-bonded complex is formed between a solute and a solvent molecule. The OD stretch frequency red-shifts to 2625.6 cm -1 . When phenol is dissolved in the TL/CCl 4 mixture, some of the phenol molecules form complexes with toluene and some of them are free. The free and complexed phenol molecules are in dynamic equilibrium. As we can see from the spectrum, in the mixed solvent both free phenol and the phenol/toluene complex are present.
It is well-known that hydrogen bonding shifts the hydroxyl stretch frequency to a lower frequency and that stronger hydrogen bonds produce greater shifts. 5,20-22 For the complexes studied here, the hydroxyl stretch frequency shifts (relative to each corresponding free species) are also strongly correlated to the strength of the hydrogen bonds. Figure 3 shows that the frequency shift is linearly proportional to the hydrogen-bond dissociation enthalpy (negative of the formation enthalpy) for both the OD stretch with and the OH stretch with These results are similar to some other hydrogen-bonded systems. 2, 21, 22 The frequency shifts and enthalpy values are listed in Table 1 .
The linear IR absorption measurements provide equilibrium thermodynamic data for the π hydrogen-bonded complexes. However, such measurements do not provide information regarding the complex dynamics, that is the dissociation and formation rates. Nonlinear 2D-IR experiments on the hydroxyl stretch permit direct determinations of these rates. The phenol in toluene/CCl 4 system will be used to demonstrate the manner in which the hydrogen bond lifetimes (complex dissociation rates) can be extracted from the vibrational echo 2D-IR chemical exchange measurements. The hydrogen bond lifetimes for all of the other systems are obtained in the same manner. 
(OD stretch vibrational ground state to the first excited state) transition portions of the spectra are shown. Spectra including both 0-1 and 1-2 transitions for all samples are provided in the Supporting Information. For T w ) 200 fs, a short time compared to the exchange time (inverse of the hydrogen-bond dissociation and formation rates), the 2D-IR spectrum consists of two peaks on the upper-right to lower-left diagonal. These peaks arise from the 0-1 transitions of the free and hydrogenbonded OD stretch (see Figure 2 solid curve). The two peaks are generated in the following manner. As described in the Experimental Procedures section, the first laser pulse simultaneously labels the initial structures of both free and hydrogenbonded phenol molecules with the initial frequencies ω τ (the OD stretch frequencies of both species). No exchange has occurred during the 200 fs T w period. None of the "labeled" species has changed its structure, so the final frequency, ω m , detected by the vibrational echo is the same as the initial excitation frequency, ω τ . If the initial frequency (ω τ ) is the same as the final frequency (ω m ), the peak is on the diagonal. Therefore, for very short T w , there are two diagonal peaks in the 2D-IR spectrum, one peak for the complex and one peak for the free phenol. The complex gives rise to the lowerfrequency peak along the ω m axis because it is the lowerfrequency peak in the linear IR spectrum (Figure 2 ). Within experimental error, both peaks in the 2D spectrum have the same frequencies as those in the FT-IR spectrum in Figure 2 . For T w ) 12 ps (Figure 4 , right panel), which is long compared to the exchange time for this system, two off-diagonal peaks have grown in. The growth of the additional peaks is caused by the exchange during T w period. Consider phenols that are complexed with toluenes at the time of the second pulse. During the T w period, some of these complexed phenols (ω τ ) 2625.6 cm -1 ) dissociate, while some remain complexed. The third laser pulse ends the T w period. The initially complexed phenols have two possible final structures: free phenol molecules that produce the off-diagonal peak (ω τ ) 2625.6 cm -1 , ω m ) 2666 cm -1 ) and complexed phenols that still produce the diagonal peak (2625.6 cm -1 , 2625.6 cm -1 , respectively). Note that the peaks are determined only by the initial and final structures. Any odd number of exchanges, 1, 3, ..., etc., will produce an off-diagonal peak, and any even number of exchanges, 0, 2, ..., etc., will give rise to a diagonal peak. The same reasoning applies to initially free phenols which give rise to the free phenol diagonal peak and the other off-diagonal peak. The discussion here is for the slow exchange limit. For fast exchange, a single peak would be observed in the FT-IR spectrum. 23 In the slow exchange limit, the small amount of exchange that occurs during the τ periods causes a reduction in the signal but does not give rise to off-diagonal peaks. 14 All the systems studied here are in the slow exchange limit. Figure 5 displays T w -dependent 2D-IR vibrational echo spectra for the hydroxyl stretch 0-1 transition region of the phenol/toluene/CCl 4 system. Each contour represents a 10% change in amplitude of the peaks. The growth of the off-diagonal peaks is evident as T w increases from 200 fs (a short time compared to time for exchange) to 12 ps, at which time extensive exchange has occurred. Without any analysis, it is clear that the exchange time is slower than ∼1 ps and faster than ∼100 ps. However, to obtain quantitative rates requires a full analysis of the dynamical processes in the system. During the T w period, in addition to chemical exchange other dynamic processes influence the 2D spectrum. These are spectral diffusion, orientational relaxation, and vibrational relaxation. 9,14 None of these produce off-diagonal peaks. Spectral diffusion 24, 25 is the result of time-dependent interactions of the vibrational transition with the solvent. 14,26,27 These interactions cause the transition frequency to fluctuate. At short time, the diagonal peaks' line shapes measured in the 2D vibrational echo spectrum are elongated along the diagonal because molecules are in different solvent environments (inhomogeneous broadening). As T w increases, the solvent configurations around each molecule evolve so that the frequency of each molecule samples an increasingly large fraction of the entire absorption spectrum (spectral diffusion). At sufficiently long T w , all possible solvent configurations are sampled, and the dynamic line width is equal to the absorption line width. In a 2D spectrum complete spectral diffusion is manifested by a change in the 2D line shape from elongated along the diagonal to symmetrical about the diagonal. a The ∆H 0 values are relative to phenol in CCl4. The hydrogen-bond formation enthalpy between phenol and CCl4 was determined to be ∼0 kcal/mol using anisole as the solvation model compound. 35 This change can be seen most clearly by comparing the central contours of the free peaks at 200 fs and 2 ps in Figure 5 . Spectral diffusion changes the shapes of the peaks but preserves their volumes. 9,14 From the data, we can see that spectral diffusion is complete by ∼2 ps. Orientational relaxation and vibrational relaxation causes all peaks to decay in volume in contrast to chemical exchange, which causes the off-diagonal peaks to grow and the diagonal peaks to shrink. Orientational relaxation during the T w period reduces the peak volumes but does not cause them to decay to zero. Vibrational relaxation does cause the peaks to eventually decay to zero.
To extract the exchange kinetics from the 2D-IR spectra, a kinetic model including all dynamic processes was used. 9,10,14 The method is illustrated schematically for the complex (CC) dissociating to become (CF) free phenol (or a phenol derivative).
CC represents the complexes (hydrogen-bonded species) at the end of the T w period (the time of the third pulse) that were also complexes immediately after the second pulse (peak (2625.6 cm -1 , 2625.6 cm -1 ) in the right panel of Figure 4 ). CF represents the free phenol molecules at the end of the T w period that were complexes immediately after the second pulse (peak (2625.6 cm -1 , 2666 cm -1 ) in the right panel of Figure 4 ). The rate constant for dissociation of complexes is k d , and the rate constant for the association of a free phenol with benzene or a benzene derivative to form a complex is k a . During the T w period, the vibrational echo signals produced by these two populations decrease because of vibrational relaxation (time constant T c and T f for complex and free, respectively) and rotational relaxation (time constant τ c and τ f for complex and free, respectively). Identical considerations apply to the populations FF and FC, which are the initial diagonal free population that is also free at T w and the initial free population is complexed at T w .
The kinetic model gives rise to a set of differential equations for the four populations, CC, CF, FF, and FC. These differential equations have been used previously, 9,10,14 and the complete solutions have been published. 10, 14 In the equations, only k a and k d are unknown variables; all of the other parameters are experimentally measured independently. Vibrational and rotational relaxation time constants were measured with pumpprobe experiments as described in Experimental Procedures (section II). The time-dependent populations were provided by the peak volumes or intensities of the 2D-IR spectra corrected for transition dipole moment differences. 9,10,14 The transition dipole moment differences of the free and complexed species were measured using FT-IR. The equilibrium constant for the two species was also given by FT-IR measurements. The dissociation rate (number per unit time) of the complex equals the formation rate because the system is in equilibrium (see below). 9 The complex dissociation time constant (also the lifetime of the hydrogen bond), τ d (given in picoseconds below), is independent of concentration. Therefore, τ d is reported and discussed. τ d ) 1/k d , where k d ) k a /A is the dissociation rate constant. A is the concentration ratio between the complexed and free phenol (or phenol derivative). The dissociation rate is k d [complex] . Because the concentration ratio is known, there is a single unknown parameter, τ d .
Spectral diffusion changes the shape of the diagonal peaks, reducing their maximum amplitudes without changing their volumes. For this reason in previous publications 9,10,14 peak volumes were determined as a function of T w to reflect the peak populations. Here we use amplitudes as a function of T w instead of volumes when fitting the data with the kinetic model for all samples except the oMPH in TL/CCl 4 system because the spectral diffusion is fast compared to the exchange rates. Therefore, negligible error is introduced by using the amplitudes, which are more easily determined than the volumes. For oMPH in TL/CCl 4 peak volumes were used.
The data were fit in the following manner. For a 2D-IR spectrum taken at T w ) 200 fs, the population ratio of the two species is taken to be the same as the equilibrium constant obtained from the FTIR measurements because 200 fs is a very short time compared to the time scale of chemical exchange. All of the free diagonal peaks are divided by the intensity of the free peak at 200 fs to yield the time-dependent populations for free phenol molecules (FF). All of the diagonal peaks for the complexes are divided by the intensity of the complex peak at 200 fs and then multiplied with the equilibrium constant to give the time-dependent populations of complexed phenol molecules (CC). This procedure accounts for the fact that the transition dipole moments of the free and complex species are not the same. The diagonal peak amplitudes depend on the fourth power of their respective transition dipoles. The off-diagonal peak amplitudes depend on the product of the squares of the transition dipoles of the free and complex species. To take this into account, the cross-peaks are divided by the square root of the intensity ratio of the complexed peak intensity over the free peak intensity divided by the equilibrium constant. The influence on the peak amplitudes caused by peak overlap is corrected for by fitting the 2D-peaks and subtracting the contributions to a given peak from the other peaks. This is a relatively small correction. The results yield the diagonal populations, FF and CC and the off-diagonal exchanged populations, CF and FC, as a function of T w . The data (see Figure 5 as an example) for the 0-1 transition region consist of four time-dependent components: the two diagonal peaks (the complex and the free PH in Figure 5 ) and the two off-diagonal peaks (dissociation and formation of the complex during the T w period). As T w increases, the off-diagonal peaks grow in because of chemical exchange. All four peaks can be reproduced with the single adjustable parameter, τ d by inputting the known constants and fitting the data with the kinetic equations. For the phenol/toluene system, the input parameters used are T c ) 10 ps, T f ) 9 ps, τ c ) 3.7 ps, τ f ) 2.4 ps, and the ratio of the complexed and free phenol concentrations [complex]/[free] ) 0.62. Because the vibrational and rotational parameters were measured in pure solvents rather than mixtures, we allowed each parameter to vary ∼10-20% in fitting the data and used the results to determine the error bars for τ d . Figure 6 shows the peak intensity data for the 0-1 transition region of the spectrum as a function of T w . The data are normalized to the largest peak at T w ) 0. The simultaneous fit (solid curves) to the time dependence of all of the peaks using a single adjustable parameter, τ d , is very good. From the fits, the dissociation time for the PH/TL complex (hydrogen bond lifetime) is τ d ) 15 ( 3 ps. To test the fitting procedures, the peak volumes were also fit for several of the samples. Within experimental error, the intensity fitting results for PH/BrBZ, PH/BZ, and PH/pX are identical to the volume fitting results. 9 Fits such as those displayed in Figure 6 for the phenol/toluene system are shown for all of the other samples in the Supporting Information.
In the analysis of the data presented in Figure 6 and for all of the other systems, it was assumed that the equilibrium between the complex and the free species and the exchange rates were not disturbed by the experiment. This assumption is supported by strong experimental evidence. First, if the system is in equilibrium, the two off-diagonal peaks will grow in at the same rate because the rate of complex formation is equal to the rate of complex dissociation. Within experimental error, the off-diagonal peaks grow in at the same rates as can be seen in Figure 6 for the phenol/toluene system and in the Supporting Information for all of the other systems.
Another detailed test showing that the vibrational echo/ chemical exchange experiment does not perturb either the thermal equilibrium or the exchange rates has been presented for the phenol/benzene system. 9 The test involves comparing the 0-1 data, such as those shown in Figure 5 , to the equivalent data for the 1-2 transition (not shown). There are two quantum pathways that give rise to the 0-1 2D spectrum. For one pathway, the system is in the ground state (V ) 0) during the T w period. For the other pathway the system is in the vibrationally excited state (V ) 1) during the T w period. Fifty per cent of the signal arises from each of these pathways. For the 1-2 portion of the 2D vibrational echo spectrum (see data in Supporting Information), there is only one pathway, and the first two radiation field-matter interactions the same as those that give rise to the vibrationally excited portion of the 0-1 2D spectrum. After the second interaction (second pulse) the system is in the V ) 1 state. The third interaction (third pulse) produces a coherence between the V ) 1 and V ) 2 levels, and the vibrational echo is then emitted at the frequency of the 1-2 transition, which is shifted to lower frequency by the vibrational anharmonicity (∼100 cm -1 ). The portion of the 2D spectrum that occurs from vibrational echo emission at the 1-2 frequency only involves a pathway in which the system is in the V ) 1 state during the T w period. Therefore, the 0-1 portion of the spectrum involves 50% of the signal in which the dynamics might be influenced by vibrational excitation, whereas the 1-2 portion of the spectrum involves 100% of the signal that might be affected by vibrational excitation. It was observed that the measured dynamics are the same for the 0-1 and 1-2 portions of the spectrum. 9 Therefore, vibrational excitation does not influence the thermal equilibrium/chemical exchange rates. Vibrational excitation of the hydroxyl stretch is actually a very mild perturbation of the system. The hydroxyl stretch is a quantum oscillator. Vibrational excitation to the V ) 1 state increases the bond length by a few hundredths of an angstrom. This is a very small change compared to the thermal structural fluctuations of the complex (distance and angular) displayed in the MD simulations. 19 It should also be noted that the energy deposited by vibrational relaxation does not enter into the problem. Once a molecule undergoes vibrational relaxation, it no longer contributes to the signal. The hydrogen bond strength (bond formation enthalpy) of the complex is changed by modifying the chemical structure of the solute molecule, the solvent molecule, or both. It has been qualitatively demonstrated that stronger hydrogen bonds dissociate more slowly. 9 Here a more detailed and quantitative correlation is presented. Before discussing the values of the dissociation times, the nature of the results can be seen qualitatively and directly from the data presented in Figure 7 . Figure 7 displays 2D-IR spectra for the same reaction period, T w ) 7 ps, for complexes between phenol and five different complex partners in mixed solvents of each partner and CCl 4 . The data have been normalized to the largest peak for each sample. Phenol forms the strongest hydrogen bond with mesitylene. The hydrogen-bond strength order is phenol/mesitylene > phenol/p-xylene > phenol/toluene > phenol/benzene >phenol/ bromobenzene. In Figure 7 , moving from left to right, it can be seen that at the single T w ) 7 ps, the size of the off-diagonal peaks, which are produced by chemical exchange, increases as the hydrogen-bond strength decreases. For the phenol/mesitylene spectrum, the off-diagonal peaks have just begun to appear. In contrast, in the phenol/bromobenzene spectrum, the off-diagonal peaks have grown in to such an extent that they are now well delineated from the diagonal peaks and the spectrum has the appearance that is approximately square. As discussed above, exchange is the only reason for the growth of the off-diagonal peaks. Faster exchange produces larger off-diagonal peaks (normalized to the largest diagonal peak) for the same reaction period (T w ). From the relative intensity of the cross-peaks (the number of contours), it is straightforward to see that a stronger hydrogen bond dissociates more slowly. Figure 7 is a demonstration that the stronger the hydrogen bond that forms the complex, the slower the dissociation and formation of the complex.
The enthalpies and entropies of complex formations were determined from the temperature dependence of the equilibrium constant using
The details are discussed in the Supporting Information. ∆G 0 , ∆H 0 , and ∆S 0 are the standard Gibbs free energy, the enthalpy, and the entropy at room temperature, respectively. The standard state is defined to be a pressure of 1 atm and a temperature of 25°C. ∆H 0 and ∆S 0 are taken to be temperature independent within the 50 K range used in the studies. , R is the gas constant, and T is the temperature (300 K). The line through the data is given by eq 4.
where ∆G* is the activation free energy, ∆S* is the activation entropy, and ∆H* is the activation enthalpy. If the activation enthalpy is proportional to the dissociation enthalpy, ∆H* ∝ ∆H 0 , and the activation entropy ∆S* is essentially a constant, independent of the molecular structure of the complexes, then eq 6 and the behavior displayed in Figure 8 are recovered.
Aside from experimental error, a possible explanation for the nonzero (2.3 ps) intercept in Figure 8 is the time required for the molecules of a hypothetical nonbonded complex to separate diffusively. Consider a "pseudocomplex" that has a bond formation enthalpy of zero but has a phenol derivative molecule and a benzene derivative molecule in the T-shaped structure of a bonded complex. For the phenol/benzene complex, detailed MD simulations show that the structure has significant angular fluctuation, but the average angle is 90°. 19 In the complexed form, the distance between the ring center of the benzene and the D atom of the OD group is ∼2.5 Å, but by ∼3.5 Å separation, the phenol and benzene are no longer bonded as shown by the lack of angular correlation. 19 For the pseudocomplex with zero bond formation enthalpy, it would still take a finite amount of time for the phenol and benzene to separate from ∼2.5 Å to ∼3.5 Å. The time to diffuse apart may be responsible for the nonzero intercept in Figure 8 . As a very crude check of this idea, using the Stokes-Einstein equation and the viscosity of the benzene/CCl 4 solvent, it was determined that the time for a benzene to diffuse 1 Å is ∼2 ps, consistent with the intercept. This is a very rough approximation for two reasons that tend to off-set each other. For two molecules in a solvent, the mutual diffusion constant is well approximated by the sum of the diffusion constants. 30 Therefore, the time for a phenol and a benzene to change their separation by 1 Å would be shorter than 2 ps. However, the mutual diffusion constant is only appropriate when the molecules are widely separated. At small separations, the hydrodynamic effect slows their relative diffusion. [31] [32] [33] [34] These off-setting effects make the ∼2 ps estimate reasonable. The point is that the time scale to simply diffuse apart is not 0.2 ps or 20 ps, but on the order of the intercept in eq 4.
The correlation between the lifetimes of solute-solvent hydrogen bonds and their enthalpies of formation may be useful for estimating the lifetimes of hydrogen bonds that are similar to those studied here. By combining eqs 1 or 2 with eq 6, a hydrogen bond lifetime can be roughly estimated from the OH or OD stretch frequency shift of the system obtained from routine FT-IR measurements.
IV. Concluding Remark
The study presented here extends previous work that examined hydrogen-bond formation and dissociation rates of the phenol/benzene complex. 9,10 Here, eight π hydrogen-bonded complexes of phenol and phenol derivatives with benzene and benzene derivatives were investigated. The series of complexes have a wide range of hydrogen-bond strengths (enthalpies of formation). Both the kinetics and thermodynamics of the complexes were studied. The 2D-IR vibrational echo experiments measure the dissociation and formation rates of the complexes. The chemical exchange dynamics of a complex can be characterized by the dissociation time of the complex (the inverse of the dissociation rate), which is the hydrogen bond lifetime. The measured dissociation times for the eight complexes range from 3 to 31 ps. The bond dissociation enthalpies (negative of the formation enthalpies) range from 0.6 kcal/mol to 2.5 kcal/mol.
It was found that the hydrogen bond lifetimes are correlated with the dissociation enthalpies in a manner akin to the Arrhenius equation. The correlation can be qualitatively understood in terms of transition state theory. In this model, the activation enthalpy scales linearly with the bond dissociation enthalpy, and the activation entropy is essentially independent of the molecular structure of the complex. It was also found that the shift in the hydroxyl stretch frequency of phenol and its derivatives when complexed, compared to that of the free species, is linearly related to the dissociation enthalpy. Thus, it is possible to estimate the hydrogen bond lifetimes of systems that are similar to those studied here from a simple measurement of the hydroxyl stretch frequency in a linear absorption experiment.
k B T h exp(∆S*/R) exp(-∆H*/RT) (7)
